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ABSTRACT 

The influence of the microstructure on the electrical properties and polarization behavior of thin porous ceramic elec- 
trode layers used in solid oxide fuel cells has been investigated. Thin layers (2-10 ~m) of the cathode material 
Sr0.15La0.85MnO3 (15SLM) were film coated on YSZ substrates from classified suspensions. Narrow particle-size distribu- 
tions in the suspension resulted in close-packed layers with a very homogeneous porosity and pore-size distribution. The 
specific conductivity of the layers decreased significantly with increasing porosity and mean pore size. A specific conduc- 
tivity of 109 S �9 cm -1 was obtained at 1000~ for a 2.9 ~m thick layer from a suspension with particles in the range 0.10- 
0.25 ~tm. The current-overvoltage behavior of the film-coated layers presented in this study did not, however, show any 
significant dependence on the thickness and the microstructure of the porous layers. Overvoltages (0) at a current density 
of 0.1 A/cm 2 at 898~ were quite low, i.e., in the range 60-70 mV. In comparison with other studies it is shown that film 
coating improves the microstructure of the ceramic electrode layers, which in turn  lowers the cathodic overvoltages for 
the oxygen reduction reaction. 

High-temperature fuel cells with zirconia electrolytes 
have been studied since 1937 (Bauer and Preis (1)). The real 
development of solid oxide fuel cells (SOFC), however, 
started in the early sixties. Since that time a variety of ma- 
terials has been investigated for their use in SOFC sys- 
tems, and there has been a gradual evolution of stack con- 
figurations. 

The current status in the development of SOFC shows, 
that on a laboratory scale a small stack of cells can operate 
over several years without degradation. The materials 
preferably used for cathode and anode are Sr-doped 
LaMnO3 and Ni-zirconia cermet, respectively. As intercon- 
nection material between adjacent cells Mg-doped LaCrO3 
is used. Several types of multi-cell systems have been pro- 
posed and some have been fabricated and tested (2, 3). 

One of today's most developed SOFC stack designs is 
the tubular  configuration introduced by Westinghouse 
around 1980 (2-4). Unfortunately this tubular  SOFC design 
has the disadvantage of a long electron current path 
through the electrode layers. This causes, especially in the 
cathode layer, large ohmic voltage drops. The resistivity of 
the Sr-doped LaMnO3 layer is still too high for this type of 
configuration. The thickness of the cathode layer can be 
increased in order to decrease the ohmic resistance, but  
this can increase the concentration polarization losses 
arising from a reduced gaseous oxygen flux through the 
pores of the thick cathode layer. 

* Electrochemical Society Active.Member. 

In the monolithic-type configuration first proposed by 
the Argonne National Laboratory (2, 5) and  the planar con- 
figurations which recently have gained much more inter- 
est (6), the electron current path through the electrode 
layer is considerably shorter, thus substantially decreasing 
the ohmic polarization losses in these types of configura- 
tions. Unfortunately the low electrocatalytic activity of the 
Sr-doped LaMnO3 cathode material towards the oxygen 
reduction reaction still causes severe nonohmic polariza- 
tion losses. This low electrocatalytic activity compels the 
existence of three-phase boundaries electrolyte/electrode/ 
gaseous oxygen for the oxygen reduction reaction to 
occur. That is, if a purely electronic conducting material is 
used, the cathode layer must  have a certain porosity, 
which in turn affects the conductivity of the electrode 
layer. 

Several perovskite-type materials have been tested as 
cathodes, in order to reduce the ohmic and/or nonohmic 
polarization losses (7, 8). The important  role the morphol- 
ogy of the electrode layer, i.e., the porosity and the pore 
size distribution, plays both on the ohmic and on the non- 
ohmic polarization losses, is however not considered in 
depth in the literature. Contradictory requirements have 
to be met. To avoid nonohmic polarization in high current 
application a large internal surface (small grains and thick 
layers) is favorable. To avoid polarization due to diffu- 
sional limitations in the gas phase, large pores and a thin 
layer are required. Ohmic polarization is lowered by a 
small porosity, very good and large intergrain contacts, 
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and thick layers. So a compromise is necessary. Therefore 
we have investigated the influence of the morphology of 
thin porous ceramic electrode layers of the state-of-the-art 
cathode material Sr0.15La0.85MnO3 on their electrical prop- 
erties and polarization behavior (9). This composition with 
a low Sr content  was also chosen to exclude any effect on 
the polarization behavior due to an enhanced oxygen ion 
conductivity, which is observed for compositions with 
higher Sr contents (>-0.3). 

In this investigation our first goal is to prepare relatively 
thin (1-5 ~m) layers with relatively small grains with many 
contact points and a homogeneous particle and pore size 
distribution. A film coating technique was developed 
which offers a good control of the morphology of the de- 
posited layer and of the fabrication reproducibili ty of thin 
electrode layers. This film coating technique is based on 
the use of processed suspensions of the cathode material 
powder. The influence of the particle-size distribution of 
the suspended powder on the morphology of the film- 
coated layer was investigated. Suspensions with different 
particle-size distributions were obtained by classification 
of the powder, which is described in the first section of this 
paper. 

Cathode Mater ia l  Processing 
Powder  prepara t ion . - -The  perovskite-type oxide with 

the composit ion Sr015La0.85MnO3 (15SLM) was prepared 
via a citrate synthesis route (10). Starting materials were: 
SrCO3 (Merck), La203 (Fluka), Mn(NO3)2 �9 4H20 (Merck) and 
citric acid monohydrate  (Merck). The La2Oa was fired at 
1200~ for 12 h before use, to remove water and carbon 
dioxide. The La2Oa, SrCO3 and manganese nitrate were in 
the desired ratio dissolved in concentrated nitric acid 
(Merck). Citric acid was added to this solution as complex- 
ing agent for the cations in such a ratio, that to each mole 
of metal ion, one mole of citric acid was present. The solu- 
tion was then neutralized to a pH of 7-8 by adding concen- 
trated ammonia  (Merck). During the addition of both the 
citric acid and the ammonia  the solution was kept in an ice 
bath and constantly stirred. 

The solution was subsequently heated in equal propor- 
tions of 100 ml in an oversized Pyrex three-liter beaker on 
a hot plate. After evaporation of the water a viscous mass 
was formed, followed by a large swelling and finally spon- 
taneous combust ion (pyrolysis) started. The amorphous 
product formed filled the beaker completely. This product 
was collected and calcined for 16 h at 950~ in air in order 
to burn out all carbon rests remaining from the precursor. 
The calcined powder was finally milled in a satellite-type 
milling apparatus in a zirconia beaker for 2-3 h, with iso- 
propyI alcohol (Merck) or acetone (Merck) added as mill- 
ing medium. 

Powder  character izat ion. - -The XRD pattern obtained 
for the calcined powder Sr0.15La0.a3r (15SLM) was simi- 
lar to the pattern reported for Sr0.1La0.gMnO3 by Ham- 
mouche et al. (11) and the one for Sr0.,La0.9CoO3 reported 
by Ohbayashi et al. (12). The pattern could be perfectly in- 
dexed in the hexagonal-rhombohedral  system. Unit cell 
parameters calculated from these data are ah = 5.526 ,~ and 
Ch = 13.361 A .These  unit cell parameters agree very well 
with the observations of Hammouche  et al. (11). 

The composit ion of the calcined powder was analyzed 
with XRF. The analysis showed the powder to have the 

composit ion 5.58 weight  percent (w/o) Sr, 50.7 w/o La, and 
23.5 w/o Mn, i.e., Sr0.1~La0.85MnO3-~. 

The BET surface area (SBET) of the calcined powder was 
determined by Ar gas adsorption measurements  at 77 K. 
For the calcined samples a BET surface area of 4.7 m2/g 
was determined. Assuming spherically shaped grains, a 
mean particle-size of 0.2 btm can be calculated from SDE w- 
This mean particle size was confirmed by SEM observa- 
tions. 

A 15SLM sample calcined for 16 h at 950~ was analyzed 
with a Stanton Redcroft  Differential Scanning Calorimeter 
1500 in a stream of nitrogen up to 1350~ No peaks could 
be observed in the DSC recording, i.e., no phase transi- 
tions in the material or decomposit ion occur up to this 
temperature. The sintering behavior of the powder was an- 
alyzed with a Netzsch 402 E dilatometer. The powder was 
first isostatically pressed at 400 MPa, resulting in a green 
density of 3.7 g/cm 3 (56% of the theoretical density). This 
green sample was then heated at 2~ to 1500~ in the di- 
latometer. The dimensional change of the sample as a 
function of the temperature showed that sintering of the 
material starts around 1200~ but densification occurs 
mostly in the range 1300-1350~ where the maximum in 
the densification rate is observed. The final density 
reached was 5.9 g/cm 3 (90% of the theoretical density). 

Powder  classif ication.--Preliminary film coating experi- 
ments using a suspension containing the as-obtained cal- 
cined powder, resulted in very inhom0geneous layers with 
a very poor mechanical  stability, which was probably due 
to the very broad particle size distribution of the calcined 
powder and the presence of large agglomerates. In order to 
improve the homogenei ty  of the layers, suspensions of the 
calcined powder with different narrowed particle size dis- 
tributions had to be used. The powder was therefore classi- 
fied by centrifuging suspensions of the powder in isopro- 
pyl alcohol using a Sorvall SS-3 Automatic centrifuge. The 
time t required for a spherical particle of diameter d to 
move from an initial axial position r0 to a final axial posi- 
tion r is given by the corrected Stoke's law for sedimenta- 
tion (13) 

18~ In (r/ro) 

t = (P2 - Pl)coZd~(1-6.55~-) [1] 

where ~ is the viscosity of the fluid, (P2 - P l )  is the density 
difference between the particle and the fluid, r is the angu- 
lar velocity of the centrifuge and (1-6.55(~) is a correction 
factor derived by Batchelor to account for the nonideal be- 
havior in concentrated suspensions (14). Here (~ is the vol- 
ume fraction of the suspension, which is typically around 
6% in our case. For the several desired particle size ranges 
given in Table I and selected centrifuging speeds we esti- 
mated the times from Eq. [1], with ~ = 2.49 cP (measured 
with a Contraves low shear 30 at 25~ r = 108 mm, r0 = 
60 mm, P2 = 5.68 g/cm 3 (measured with the Archimedes 
method), and Pl = 0.785 g/cm 3 (15). The estimated times and 
centrifuging speeds are also given in Table I. 

The collected fractions were dried, weighed, and ana- 
lyzed with SEM. The weight of the collected fractions and 
the results of  the SEM analysis are given in Table I. The 
particle-size ranges for the collected fractions observed 
with SEM (Table I, column 6) show a difference with the 
desired particle-size ranges (column 2) for which the cen- 
trifuging times and speeds (columns 3 and 4) were esti- 

Table I. Powder classification conditions and resulting particle and agglomerate sizes in the 15SLM suspensions used for film coating. 

Stoke's law 
estimated 

centrifuging SEM analysis 
Desired particle size time/speed Observed Agglomerates observed 

Fraction/suspension range (min)/(rpm) Weight of collected fraction particle size range up to 
no. (~tm) lower upper (w/o) (~m) (vm) 

R1 2.0 31/#1000 24 0.2-0,5 5 
R3 1.1-1.5 llI/dJl0O0 6/1000 21 0.15-0.40 1,2 
R5 0.3-0.7 17/3000 7/2000 1O 0.10-0.25 0,4 
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mated. These times were in advance calculated with Eq. [1] 
for particles with diameter d at the initial axial position r0, 
which was taken as the upper level of the suspension in 
the tube. So in the estimated centrifuging t ime t all parti- 
cles with diameter d or larger will settle. Smaller particles, 
which are initially already closer to the final axial position 
r will also settle within this time. This causes the sediment 
always to contain a fraction of smaller particles. Based on 
weight this fraction is small (~20%), but based on the num- 
ber of particles it can be rather large (~90%) (16). For the 
collected R1 fraction (see Table I) only a small number  
fraction (<5%) of agglomerates (the largest being around 
5 ~tm) were observed, but a very large number  fraction of 
smaller particles in the range 0.2-0.5 ~m were observed. 
The big agglomerates, although small in number,  consti- 
tute the larger weight  fraction. The same holds for the R3 
fraction, where a small number  fraction of agglomerates/ 
particles up to 1.2 ~m in size was observed together with a 
large number  fraction of smaller particles. The largest ag- 
glomerate/particle sizes observed with SEM in each frac- 
tion (Table I, column 7) are all within the desired particle- 
size ranges (column 2). The classification procedure re- 
sulted thus in powder fractions, all of which consisted of 
both a small number  fraction of agglomerates/particles in 
the desired range and a large number  fraction of smaller 
particles, which is, aside from the fraction of smaller parti- 
cles, just  what was aimed at. 

Suspension preparation.--Suspensions of the per- 
ovskite-type materials were prepared by mixing the oxide 
powder with isopropyl alcohol (IPA). From sedimentation 
tests this was found to be a better suspending medium 
than (acidic) water. The mixture was agitated in an ultra- 
sonic bath for 15-30 min in order to obtain good mixing 
and wetting of the powder. The stability of the suspen- 
sions was studied b y  means of a modified Andreasen pi- 
pette method (13). For this purpose dilute suspensions 
(1.5 w/o of solid) were prepared, with different amounts of 
stabilizing agent. Stable suspensions were obtained with 
the addition of 0.5-1.0 w/o (based on the solid) of the stabi- 
lizing agent. 

Preliminary results of film coating experiments using 
suspensions containing different amounts of solid, 
showed that the better coatings were obtained with sus- 
pensions of 40 w/o of solid material. Because of the avail- 
able amount  of  solid material and the min imum volume of 
the suspension needed for the film coating experiments no 
suspensions with higher solid contents were investigated. 

The final suspensions used for the film coating experi- 
ments denoted R1, R3, and R5 were prepared from the col- 
lected fractions of the classified 15SLM powder (see 
Table I). These were suspended in isopropyl alcohol (40% 
of solid material by weight for the R1 and R3 fractions; 
25 w/o for the R5 fraction) with 0.5 w/o addition of polyvi- 
nylpyrrolidone (PVP; Fluka, mean molecular weight 
=10,000) as stabilizing agent. Again ultrasonic agitation 
was used for complete mixing and wetting of the powder, 
this t ime with a Branson Sonifier 450 (20 kHz; 30 s at 80 W). 

Film Coating Process for Layer Deposition 
Substrate preparation.--Substrates used were dense cir- 

cular disks (13 mm diam, 1 mm thick) of yttria-stabilized 
zirconia (YSZ) and dense alumina plates (12 x 6 • 1 mm). 
The YSZ substrates were prepared from commercial  avail- 
able powder (Zircar, ZYP-12.0; ZRO2-12 w/o yttria). The 
powder was prepressed uniaxially at 50 kPa to obtain rod- 
shaped compacts, which were then iso-statically pressed 
at 400 MPa. These compacts were sintered at 1400~ for 
3 h. The final density was >98% of the theoretical density. 
Disks were cut from the thus prepared rods. The alumina 
plates were cut from commercial ly obtained alumina rods 
(Haldenwanger, A1203, 99.9%). 

Both kinds of substrates were polished single-sided with 
diamond paste down to a roughness value Ra -< 0.05 wm. 
Prior to the layer deposition the substrates were ultra- 
sonically cleaned in isopropyl-alcohol and degreased in 
boiling hexane. 

Film coating procedure.--The substrates were mounted 
on a metal strip in order to obtain a coating on the polished 

surface only. The substrates were immersed in the 15SLM 
suspensions and withdrawn at a constant speed. Layer 
thicknesses obtained could be controlled by varying the 
withdrawal speed (0.25-2.5 mm/s) and the number  of re- 
peated dips. In the latter case, the samples were dried in 
air between subsequent  dips. Evaporation of the suspend- 
ing medium was fast enough between subsequent  dips. 

After withdrawing the substrate from the suspension a 
small droplet always remains on the bottom side of the 
substrate, causing an increase in layer thickness at this 
side. This droplet-effect can be minimized by lowering the 
withdrawal speed. With the lowest withdrawal speed used 
(0.25 mm/s) this leads to a small edge of not more than 
0.5 mm on the substrate where an increased layer thick- 
ness can be observed. This droplet-effect will be even of 
minor importance when the surface area of the substrate is 
substantially increased. 

Layer characterization.--After the film coating proce- 
dure the samples were heated at 1-2~ in air to a final 
temperature of 1100-1200~ In the first stage, decom- 
position of the stabilizing agent (PVP) adsorbed on the 
oxide particles had to occur. A TGA run was carried out to 
analyze this decomposi t ion process. This TGA analysis 
confirmed the complete decomposit ion of the stabilizing 
agent PVP, when firing above 510~ In the second stage of 
the heating procedure initiation of the solid-state reaction 
between the 15SLM layer and the YSZ substrate is re- 
quired to get a good adherence of the layer. According to 
the observations of Yamamoto et al. (7, 8) this reaction 
takes place around 1100~ for the manganese compound. 

Preliminary experiments  were performed, with non- 
classified powders. These samples heated to ll00~ were 
mechanically unstable. The layers could be removed easily 
by scratching with a pair of tweezers. Considerable sinter- 
ing of the layer had to occur also to give the layer a better 
mechanical  stability. The dilatometer experiments 
showed that at a temperature of 1200~ sintering starts. 
Heating the samples in this preliminary series for 2 h at 
1200~ in air was sufficient to give these layers the desired 
adherence and mechanical  stability. When heated for 12 h 
or longer at 1200~ a solid-state reaction between 15SLM 
and YSZ took place. 

For layers film coated from the classified fractions R1, 
R3, and R5 sufficient mechanical stability was achieved 
when heated at ll00~ for 2 h. Furthermore these layers 
also showed good thermal stability. After heating for a pro- 
longed time (100 h) at 1000~ no changes either in the layer 
thickness or in the morphology of the layer were observed. 
The narrowed particle-size distribution in these suspen- 
sions gives a better packing of the particles in the layer. 
This results in more contact points per volume unit, which 
in itself is already beneficial for a better mechanical  sta- 
bility. 

In the Fig. 1-3 SEM photographs are shown of sintered 
layers film coated on YSZ from the suspensions R1, R3, 
and R5, respectively. Remarkable differences were ob- 

Fig. i. SEM photograph of the 15SLM layer film coated from suspen- 
sion R1. 
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Fig. 2. SEM photograph of the 15SLM layer film coated from suspen- 
sion R3. 

Fig. 3. SEM photograph of the 15SLM layer film coated from suspen- 
sion R5. 

served in the deposited layers. The layer film coated from 
R5 showed a close packed structure of only small grains 
sintered together. This layer had a very homogeneous po- 
rosity and pore-size distribution. Due to the slightly larger 
particles and relatively big agglomerates in the suspen- 
sions R3 and R1 pore-sizes and porosity increased remark- 
ably in these layers. The large agglomerates in the suspen- 
sion R1 caused the pore-size distribution in the layer to be 
less homogeneous.  

Figure 4 shows a SEM photograph of a cross section of a 
film coated sample. It clearly shows the 15SLM layer on 
top of the dense YSZ substrate. The layer thickness is 
around 3.5 ~m and is very constant as is the porosity 
throughout  the layer. 

Fig. 4. SEM photograph of a cross-section of a film-coated 15SLM 
layer. 

Layer thicknesses were determined using a DEKTAK 
surface probe. On several samples part of the film coated 
layer was removed from the substrate prior to heating 
them. The layer thickness was determined from the step 
height measured with the surface probe by scanning from 
the. uncoated part of the sample to the coated part. Layer 
thicknesses ranged between 2.0 and 4.0 (• 0.2) ~m for the 
layers film coated from the R fractions on the alumina 
plates. 

Large surface area deposition.--To demonstrate the fea- 
sibility of the film coating process for large surface areas, 
experiments were also performed with dense YSZ tape- 
cast samples with the dimensions of 50 x 50 x 0.25 mm. 

A newly prepared suspension (25 w/o of solid material in 
isopropyl alcohol) of 15SLM powder, classified in the par- 
ticle-size range from 0.2 to 1.0 btm, was used. The YSZ sub- 
strate was cleaned, degreased, and mounted on a metal 
support. The substrates were withdrawn from the suspen- 
sion at a constant speed of 0.625 mm/s. To obtain a sample 
with a layer thickness of around 10 ~m the substrate had to 
be dipped 29 times. The coated substrate was heat-treated 
for 2 h at ll00~ in air. The surface of the film coated layer 
on top of the tape-cast YSZ substrate Was observed, with 
SEM. A homogeneous coverage of the substrate with small 
grains in the particle size range from 0.2 to 1.0 ~m was ob- 
served, which agreed well with the classification step of 
the powder in suspension. No big agglomerates were ob- 
served. The layer thickness was ~10 ~m and constant over 
the sample. 

Electrical and Electrochemical Properties 
ExperimentaL--Electrical resistivity measurements  

were performed on the perovskite-type layers film coated 
from the suspensions R1, R3, and R5 on alumina sub- 
strates in order to circumvent  any contribution of the sub- 
strate to the conductivity. A four-point dc technique with 
the four Pt point electrodes placed in one line was used. 
The two outer electrodes were the current carrying elec- 
trodes, and the two inner electrodes (placed 5 mm apart) 
were used as voltage probes. A BANK potentiostat Wen- 
king LB 75 L connected to a Genesys XT microcomputer  
for data storage was used for conducting the measure- 
ments. Measurements  were performed in a stream of 
oxygen. 

Current-overvoltage measurements  were performed on 
15SLM layers with thicknesses of 5 and 10 ~m film coated 
from the suspensions R5 and R3 on dense YSZ substrates. 
A three-electrode configuration, as described in Ref. (17) 
was used. In the center of the sample a small circular 
shaped part (diameter 6 ram) of the film-coated 15SLM 
layer was removed from the YSZ substrate. In this way the 
point-shaped reference electrode could be placed in the 
center of the sample in contact with the electrolyte. An an- 
nular-shaped current collecting Pt  layer of 10 mm outer 
and 6 mm inner diameter was sputtered on the 15SLM 
layer to obtain good electrical contact with the Pt  current 
leads. A similar annular-shaped Pt  layer was sputtered on 
the opposite YSZ substrate side as counterelectrode. A 
spring-loaded Pt  point contact electrode served as refer- 
ence electrode. Measurements were performed using the 
Bank potentiostat Wenking LB 75 L or a Bank potentio- 
scan Wenking POS 73 connected to a microcomputer  for 
data storage and analysis. Two types of measuring pro- 
grams were applied. The first one was a single-cycle volt- 
ammetry  with scan rates of  typically 2 mV/min to ap- 
proach steady-state polarization conditions. The second 
program was a staircase cyclic vol tammetry with steps of 
25 or 50 inV. This step-scan started at 0 V polarization and 
cycled up and down the programmed voltage region, 
starting with the anodic branch, if  included. AC imped- 
ance measurements  were conducted using a Solartron 
FRA 1170. The current-voltage and ac impedance meas- 
urements  were performed at 900~ in a constant stream of 
oxygen. 

Conductivity measurements.--Figure 5 shows the speci- 
fic conductivi ty (log ~T) as a function of the reciprocal tem- 
perature of the layers film coated on alumina from the sus- 
pensions R1, R3, and R5, respectively. Straight lines are 
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Fig. 6. Three-electrode current-voltage measurements (cathodic 
only) for ] 5SLM (R5-5.1 I~m)/YSZ/Pt at 897~ in oxygen. 
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Fig. 5. Specific conductivities (log (~T) of the 15SLM layers film 
coated from the suspensions R1, R3, and RS, respectively, as o function 
of temperature (1000/T). 

observed over the whole temperature range, which is con- 
sistent with a small-polaron conduction mechanism model 
(18). 

Activation energies calculated from the slopes are 
16.0 kJ/mol for the R1 sample, 13.1 kJ/mol (R3 sample), 
and 13.8 kJ/mol (R5 sample). These values are all slightly 
higher than the value of 9.6 kJ/mol reported by Kertesz 
etal. (19) for ceramic samples with the composition 
Sr0.16La0.84MnO3, having an apparent density of 80%. 

Specific conductivity values for the R5 sample are one- 
order of magnitude higher than the ones measured for the 
R1 sample. The specific conductivity of the R3 sample lies 
in between the latter two. These results show the effect of 
the number  of contact points (packing density) in the po- 
rous layer on the specific conductivity. The R5 sample has 
the smallest grain size and obviously the largest number  of 
contact points per volume-unit  together with the smallest 
mean pore-size (see Fig. 1-3). Porosity values of the film 
coated layers are not yet known, but  the SEM photographs 
indicate values greater than 40%. So for all our samples the 
packing density is much smaller than for the samples re- 
ported by Kertesz et al. (19). Concentration polarization of 
the charge carriers at the contact points may account for 
the higher values of the activation energy, that was ob- 
served in the porous layers. 

The specific conductivity of the R5 sample amounts to 
109 S �9 cm -1 at 1000~ which is adequate for a planar type 
SOFC. The value mentioned is also rather close to the 
value of 133 S �9 cm -1 reported by Kertesz et al. (19) for the 
conductivity of the 80% dense sintered sample. 

Current-voltage behavior.---Figure 6 shows four single- 
cycle voltammetry scans (cathodically from -800 to 0 mV) 
for the sample R5 (5.1 ~m) measured subsequently within 
a period of two weeks. During this period the sample was 
kept at 897~ in a stream of oxygen. When no measure- 
ments  were being performed the sample was kept at zero 
polarization. Figure 6 shows, that all subsequent  measure- 
ments led to a set of very reproducible current-voltage 
curves. An identical curve was obtained, when staircase 
cyclic voltammetry was applied to the sample. The current 
remained constant  when a constant maximum applied po- 
larization of -800 mV was applied over an observation pe- 
riod of 20 h. No degradation of the sample was observed 
during subsequent  scans. After removing the sample from 
the measuring cell, the perovskite layer appeared to be 
completely intact and well attached to the electrolyte sub- 
strate. Reproducible current-voltage curves were obtained 
also for the samples R5 (10.1 t~m) and R3 (5.2 ~m), respec- 

tively, when cathodic polarization was applied under  the 
same conditions. 

Figure 7 shows the potential drop (I.Ru) corrected cur- 
rent-overvoltage curves for the samples R5 (5.1 t~m), R5 
(10.1 t~m), and R3 (5.2 t~m), respectively (the uncorrected 
curve for the sample R5 (5.1 ~m) is given in Fig. 6). The 
value of R,(R-unknown is the resistance of the electrolyte 
area between the reference and the perovskite electrode) 
was determined from the high-frequency extrapolation of 
the ac impedance plot taken between reference and per- 
ovskite electrode. The corrected current-overvoltage 
curves for the three samples differ only in a limited way, 
except for the region at very high current densities 
(>0.1 A/cm2). This difference is caused by the magnitude of 
the I.Ru correction term at high current densities. 

Hammouche et al. (20) observed a sharp increase in the 
current under  high cathodic polarization for Sr-doped 
LaMnO3 electrodes. This was ascribed to the reduction of 
the electrode material. Oxygen ion vacancies were created 
and the electrode is no longer mainly an electronic con- 
ductor, but  mixed conductivity had been generated. This 
means that the oxygen reduction reaction is no longer con- 
fined to occur at the electrode/electrolyte/gas-phase three- 
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Fig. 7. Tafel plot, corrected for I.R,, of the current-overvoltage 
curves measured for the systems ] 5SLM/YSZ/Pt ot 898~ in oxygen. 
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phase  boundary  line. The surface of the  now mixed con- 
duct ing mangani te  electrode near  the electrode/electrolyte 
interface offers a new oxygen reduct ion pa thway (20). 
Hammouche  et al. (20) repor ted this transit ion to occur at 
overvoltages of -160 and -158 mV for the composi t ions 
Sr0+lLa0.~MnO3 and Sr0a9La081MnO3, respectively, in air at 
960~ In Fig. 7 it can be observed that  these high overvolt- 
ages are not  reached in the measurements  performed here 
for the composi t ion Sr0.~La0.85iVInO3 in oxygen at 900~ 
With these condit ions the overvoltage where the transit ion 
occurs, would possibly  be even higher. Therefore any en- 
hancement  of the  current  at high overvoltages is very un- 
l ikely to be caused by the reduction of the cathode ma- 
terial. 

Figure 7 shows no significant dependence  of the over- 
voltage on the layer thickness  nor on the morphology of 
the  porous layers. Yamamoto  et al. (7), however, did find a 
dependence  of the overvoltage on the layer thickness (in 
the range 1-4 ~m) for Sr-doped LaMnO3 layers deposi ted 
on the YSZ electrolyte by  RF sputtering. These sput tered 
layers were quite dense, with very inhomogeneously  dis- 
t r ibuted large (1 ~m) pores and even cracks in the thicker 
(3.2 ~m) layers. According to Yamamoto et al. the ob- 
served dependence  of the overvoltage on the layer thick- 
ness is caused by  a hamper ing  of the direct  access of  oxy- 
gen to the electrolyte/electrode interface in the thicker 
dense sput tered layers (7). 

The highest  current  densi t ies  observed here in the meas- 
urements  performed on the film coated 15SLM/YSZ half- 
cell systems were 0.5 A/cm 2 (5000 A/m2). Such values are 
quite adequate  for SOFC application. At a current  densi ty 
of 0.1 A/cm 2 the observed overvoltage is 60-70 mV for all 
three samples (see Fig. 7). These values are considerably 
lower than the value of 300 mV at a current  densi ty of 
0.01 A/cm 2 repor ted  by  Takeda et al. (8) for the composi- 
tion Sr0aLa0.gMnO 3. However, Takeda et al. (8) reported a 
value of 55 mV at a current  densi ty  of 0.1 A/cm 2 for the 
composi t ion Sr0.~La0.sMnO~, which showed the lowest 
overvoltages of all composi t ions of the Mn-perovskites in- 
vest igated by  these authors. Hammouche  et al. (11, 20) too 
have reported,  that  the composi t ion Sr0.sLa0.~VinO3 had the 
lowest overvoltages. This is a t t r ibuted to the mixed-con- 
duct ivi ty occurring in these perovskites  with high Sr-dop- 
ing levels, which increases the electrocatalytic activity, i.e., 
enhances the oxygen transfer. 

The disadvantage of the  Mn-perovskites with high Sr 
contents (>0.2) is however, the increased reactivity with 
the YSZ electrolyte at the operat ing temperature  (1000~ 
of the SOFC (19). The results repor ted here for the film 
coated 15SLM layers, show that  it  is possible to lower the 
cathodic overvoltages for the  oxygen reduct ion reaction 
by improving the microstructure  of the ceramic electrode 
layer. Fur thermore  the advantage of maintaining a re- 
duced reactivi ty with the YSZ electrolyte is preserved by 
keeping the Sr  content  low. 

Conclusions 
The film coating procedure  descr ibed in this paper  is a 

suitable technique for the reproducible  product ion of thin 
porous ceramic electrode layers of equal thickness with 
well-defined microst ructure  and morphology on dense 
(e.g., YSZ) substrates.  The microstructure  of the film 
coated layer is de termined by the particle-size distr ibution 
in the suspension which in turn depends  largely upon the 
powder  synthesis  and the classification of the powder.  A 
very narrow particle-size dis tr ibut ion in suspension yields 
a very homogeneous  close packed layer with a very narrow 
pore-size distr ibution.  I t  is shown that  the  procedure  is ap- 
pl icable for large surface areas. 

The electrical conduct ivi ty  of the film coated perovskite- 
type Sr0.z~La0.8~ClnO3 (15SLND layer depends  largely on the 
microstructure  of the porous layer. For  the close-packed 
homogeneous  layer film coated from the suspensions with 
the most  narrow part icle size dis tr ibut ion (R5), a specific 
conduct ivi ty  of  109 S �9 cm -~ was obtained at 1000~ This 
value is adequate  for appl icat ion in a planar  type of SOFC. 

For  the system 15SLM/YSZ/Pt oxygen pumping  current  
densit ies of up to 0.5 A/cm 2 were reached. Only a l imited 

influence of the layer thickness  and the microstructure  of  
the film coated 15SLM layers on the current-overvoltage 
behavior  were observed. The overvoltages measured at a 
current  densi ty  of 0.1 A/cm 2 are low (60-70 mV). 

In  compar ison with the literature, it is shown that  it is 
possible  to lower the cathodic overvoltages for the oxygen 
reduction reaction by  improving the microstructure 
through film coating of the ceramic electrode layer. Fur- 
thermore  the advantage of maintaining a reduced reactiv- 
i ty with the YSZ electrolyte is preserved by keeping the Sr 
content  low. This is of importance for the applicat ion of 
thin porous ceramic electrode layers in SOFC. 
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